Characterizing the radiative effect of rain using a global ensemble of cloud resolving simulations. Journal of Advances in Modeling Earth Systems, 10 (10 Abstract The effect of rain on radiative fluxes and heating rates is a process that is neglected in most of the large scale atmospheric models used for weather forecasting or climate prediction. Yet to our knowledge, the magnitude of the resulting radiative bias remains unquantified. This study aims to quantify the rain radiative effect (RRE) at a range of temporal and spatial scales, as a step toward determining whether the radiation schemes in these models should include rain. Using off-line radiative transfer calculations with input from an ensemble of cloud resolving model simulations, we find that rain has a negligible effect on global mean radiative fluxes (less than 0.2 W m −2 ). Weekly mean RREs at specific locations may be larger (less than 4 W m −2 ). At the finest temporal and spatial resolutions, the RRE can occasionally be much larger again (greater than 100 W m −2 ), but values exceeding 10 W m −2 occur in less than 0.1% of cases. Using detailed analysis of case studies we demonstrate that the magnitude and direction of the RRE depend on the rain water path, its vertical location with respect to cloud, and, for longwave radiation, the temperature at which it occurs. Large RREs generally only occur when the rain water path is large and the cloud water path is small. These cases are infrequent and intermittent. As the RREs are generally small, we conclude that this missing process is unlikely to be important for large scale atmospheric models.
Introduction
Accurate simulation of the atmospheric radiation budget is crucial for modeling both the general circulation and the effect of anthropogenic emissions on climate. Nevertheless, comparison with satellite and surface irradiance observations shows that many large scale atmospheric models (LSAMs) have persistent large shortwave (SW) and longwave (LW) radiation errors, with typical zonal mean errors of 10 W m −2 at the top of atmosphere (TOA; e.g., Calisto et al., 2014; Dolinar et al., 2014) , and typical global mean errors of 10 W m −2 at the surface (e.g., Ma et al., 2014; Wild et al., 2014) . Most of these errors are thought to be due to deficiencies in modeled cloud and aerosol, but errors can also result from neglecting physical processes in the radiation schemes. One particular bias that persists in many LSAM radiation schemes is to neglect the radiative impacts of precipitating hydrometeors, including snow, rain, hail, and graupel. Li et al. (2013) hypothesized that this may be partly responsible for the particularly large (greater than 20 W m −2 ) climate model radiation biases that are evident in strongly precipitating regions.
However, on a global scale, the magnitude of the radiative effect of precipitating hydrometeors remains uncertain. It is certainly smaller than that of suspended hydrometeors (i.e., clouds), because precipitating hydrometeors occur less frequently and (as precipitating particles are larger) cause less extinction per unit mass than suspended hydrometeors. Yet the primary reason that the radiative effects of precipitating hydrometeors are not accounted for in LSAMs is that historically, they have not been treated explicitly by the microphysics and consequently their mass mixing ratios have not been available for input to the radiation schemes. However, cloud resolving models (CRMs), which explicitly represent the microphysics of precipitating hydrometeors, usually also account for their radiative effects (e.g., Fu et al., 1995; Jiang & Cotton, 2000; Petch, 1998; Phillips & Donner, 2006; Tao et al., 2014) . Moreover, there is a growing body of evidence to suggest that neglecting precipitating ice (snow) in radiative transfer calculations may lead to nonnegligible biases in LSAMs (e.g., Chen et al., 2018; Li, Forbes, et al., 2014; . As a result, suggested that the persistent radiation biases seen across many LSAMs may partly result from neglecting the radiative effects of precipitating hydrometeors.
Compared to snow (e.g., Waliser et al., 2011) , the radiative impacts of neglecting rain are less well documented. Previous assessments of the radiative effect of rain are rare and have been based on a limited number of test cases with some contradictory conclusions. Based on radiative transfer calculations for a two-dimensional CRM simulation of 24 hr of a tropical mesoscale convective system, Xu and Randall (1995) found that the impact of rain on the SW transmission and albedo was less than 0.002 and concluded that the radiative effects of rain were negligible. In contrast, based on idealized cloud and rain profiles, Savijärvi et al. (1997) found that rain increased the total column SW absorption by approximately 10% for a heavily precipitating cumulonimbus with rain drops present throughout the depth of the cloud. Moreover, Savijärvi and Räisänen (1998) found that for an optically thick cloud with base at 3 km, including rain below the cloud base in their radiative transfer calculations could increase the downwelling LW irradiance at the surface by up to 24 W m −2 . However, they acknowledged that in reality the mean effect was likely to be much smaller due to larger water vapor values below cloud base than in their calculations. To our knowledge, these are the only existing attempts to quantify the broadband radiative effect of rain; the global radiative effect of rain remains unquantified.
The aim of this study is thus to advance upon this limited but potentially important past research by calculating the rain radiative effect (RRE) for a realistic set of atmospheric profiles encompassing the whole globe. Using these calculations, we aim to quantify and explain the direct radiative effects of rain across a range of temporal and spatial scales. This is necessary to determine whether including rain in LSAM radiative transfer calculations warrants further investigation. Our estimate of the RRE is based on detailed radiative transfer calculations using the SOCRATES (Suite Of Community RAdiative Transfer codes based on Edwards & Slingo, 1996) radiation scheme and a global ensemble of CRM data taken from a state-of-the-art Goddard multiscale modeling framework (GMMF) simulation.
The following section details the GMMF simulation output that is used as input to our radiative transfer calculations and the radiative transfer scheme used to perform these calculations, including new parametrizations of the single scattering properties of rain. Section 3 describes the radiative effect of rain at a range of scales, from global mean to instantaneous individual CRM profiles. Section 4 outlines the factors that determine the magnitude and direction of the radiative effect of rain. We conclude this article with a summary of the results and a brief discussion of the implications for LSAMs.
Methods

GMMF Simulation
To properly assess the global radiative effect of rain, simultaneous profiles of both precipitating and suspended hydrometeors are required, including both light and heavy precipitation, over both land and ocean. Unfortunately, no existing observations are able to fulfill all the criteria required. For example, the 17-year satellite-based Tropical Rainfall Measuring Mission radar provided vertical profiles of rainwater content (Iguchi et al., 2000) but not suspended hydrometeors. Products based on the CloudSat cloud profiling radar instrument include both suspended and precipitating hydrometeor profiles over ocean, but no retrievals of rain profiles exist over land (Lebsock & L'Ecuyer, 2011; L'Ecuyer & Stephens, 2002) . In the absence of suitable observational data, we rely on detailed simulations. Global models and reanalyses can provide comprehensive global data sets, but lack the small-scale hydrometeor data required to accurately calculate the RRE. CRMs provide the high-resolution vertically resolved structure of both suspended and precipitating hydrometeors required for our radiative transfer calculations, but lack global coverage. In order to attain both global coverage and small-scale hydrometeor data, we use output from a multiscale modeling framework (also known as super-parametrization) simulation where a global atmospheric model is run with a CRM embedded within each gridbox. This framework provides a global ensemble of CRM data and has previously proved useful for analyzing the radiative effect of other processes that are not usually included in LSAMs, such as subgrid-scale cloud radiation interactions and three-dimensional effects (Cole, Barker, OŠHirok, et al., 2005) .
For this study, we use data from a GMMF simulation that couples the Goddard Earth Observing System (GEOS; a global atmospheric model) with the Goddard Cumulus Ensemble Model (GCE; a CRM). Specifically, the GMMF simulation referred to as the L2014 experiment in Chern et al. (2016) was used. Of the four simulations analyzed in that study, the L2014 simulation had the most complete cloud microphysical scheme. The L2014 also generally had among the smallest errors compared to all the observations considered in that study, including TOA radiation, cloud fractions, and hydrometeor water paths. The simulation was run from 1 December 2006 to 31 December 2008, with weekly sea surface temperatures from the NOAA optimum interpolation HILL ET AL.
2 Figure 1 . Distributions of mean fractions of the hydrometeor species in the Goddard multiscale modeling framework simulation for 1-7 January 2007 based on a layer mass mixing ratio threshold of 10 −7 kg/kg. data set (Reynolds et al., 2007) and initial conditions based on the ERA-Interim reanalysis (Dee et al., 2011 ). The GEOS model was run with a horizontal resolution of 2 ∘ latitude and 2.5 ∘ in longitude, and 48 layers in the vertical. The GCE CRM embedded within each GEOS grid box was run in two dimensions, with 32 columns each 4 km wide and 44 layers. We refer to the GCE columns as CRM profiles hereafter.
All hydrometeors are handled by the CRM, which uses a single moment bulk microphysics scheme Tao et al., 2016) . Six hydrometeor species are represented: cloud liquid, rain, cloud ice, snow, graupel, and hail. The hydrometeor species are treated as horizontally homogeneous within the CRM profiles (i.e., there is no fractional occurrence of the hydrometeors within the CRM profiles). Radiation calculations in the GMMF are also handled by the CRM and all six hydrometeor species are included in the radiation calculations (e.g., Tao et al., 2003) . Further details of the GMMF setup for this simulation can be found in Chern et al. (2016) .
Our analysis is based on hourly output from 2 weeks of GMMF simulated data, 1 week each in Boreal Winter (1-7 January 2007) and Boreal Summer (1-7 July 2007) . This corresponds to more than 140 million CRM profiles. Figures 1, 2a , and 2b show the mean area fractions of the six hydrometeors species in these CRM profiles. A number of key features are found in these figures. First, all species generally have peak fractions in the tropics corresponding to the Intertropical Convergence Zone (ITCZ) and at ∼50 ∘ north and south corresponding to midlatitude storm tracks, with minima in the subtropics corresponding to the subsidence zones. Second, the suspended hydrometers (i.e., cloud liquid and cloud ice) occur more frequently than the precipitating hydrometeors. Among precipitating hydrometeors, snow has the largest area fraction, while the rain fraction is similar to snow at low latitudes but smaller at high latitudes. The graupel fraction is generally less HILL ET AL. 3 than half that of rain and the hail fraction is smaller still. Finally, comparison between Figures 2a and 2b shows the expected interseasonal differences. The ITCZ is located further north during the boreal summer, while ice fractions increase at the expense of liquid in high latitudes during the winter.
Figures 2c and 2d show the zonal mean water paths. Similarly to the fractions, all species have water path maxima in the ITCZ and midlatitude storm tracks and minima in the subsidence zones. The interseasonal differences in the water path values also follow a similar pattern to those for the hydrometeor fractions. However, water path values in the ITCZ are much larger than those in the midlatitude storm tracks, particularly for rain.
Clearly, the credibility of our estimates of the RRE strongly depend on the realism of this GMMF hydrometeor data. Chern et al. (2016) showed that ice water content in this simulation is within the observational uncertainty. The realism of the other hydrometeors in the GMMF is harder to assess due to the aforementioned lack of reliable global precipitating hydrometeor data sets. The GMMF is thought to underestimate the global mean rain water path, while overestimating surface precipitation in the tropics , which is a common problem for multiscale modeling framework simulations (Tao et al., 2009 ). Consequently, we might expect to underestimate the RRE globally, while overestimating it in the tropics. Nevertheless, for reasons of physical consistency, if the radiative effect of rain in a model is significant, then the radiative effect of rain should be included in that model, irrespective of whether it is representative of the true radiative effect of rain. Consequently, even if the GMMF derived RRE is imperfect, it remains useful as an example of the magnitude of the RRE in a LSAM.
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Representation of Hydrometeors in the SOCRATES Radiative Transfer Scheme
GMMF atmospheric profiles are used as input to off-line radiative transfer calculations using the SOCRATES radiative transfer scheme (Edwards & Slingo, 1996) . This is a flexible one-dimensional radiative transfer scheme that is employed in both numerical weather prediction (NWP) and climate models. Our calculations are based on the two-stream approximation and use the correlated-k method to treat gaseous absorption. We use 21 k-terms in the SW spread between six spectral bands between 200 nm and 10 μm. We use 47 k-terms in the LW spread between nine spectral bands between 3.3 μm and 1 cm. Mixing ratios for the six hydrometeor species and water vapor, pressure, temperature, and surface albedos are based on GMMF output. Mass mixing ratios of oxygen, carbon dioxide, methane, and dinitrogen oxide are set to horizontally and vertically constant values. The LW surface emissivity is set to one, globally. Hydrometeor mass mixing ratios below 1.0 × 10 −7 kg/kg are set to zero. We calculate radiative fluxes independently for each CRM profile. Aerosols are not included.
Radiative transfer calculations through hydrometeor layers require knowledge of the single scattering properties for each spectral band and each hydrometeor species, specifically the mass extinction coefficient , the single scattering albedo , and the asymmetry factor g . The current version of SOCRATES accounts for the radiative effects of cloud liquid, cloud ice, and snow, but not other species. The single scattering properties of cloud droplets are calculated from the cloud liquid mass mixing ratio and effective radius provided by the GMMF, using the parametrization described by Edwards and Slingo (1996) . The cloud droplet effective radius in the GMMF varies from 8 to 14 μm, depending on temperature and surface type. Suspended cloud ice and precipitating snow are treated as a single ice category in our calculations, with single scattering properties calculated from the ice plus snow mass mixing ratios and temperature provided by the GMMF, using the parametrization described by Baran et al. (2013) . This parametrization is based on an ensemble of ice crystal shapes ranging from simple pristine ice crystals to complex snow aggregates (Baran & Labonnote, 2007) and does not discriminate between ice and snow. Consequently, we are unable to calculate a snow radiative effect and for the rest of this paper, we use ice to refer to the combination of both suspended ice (i.e., cloud ice) and precipitating ice (i.e., snow).
Since parametrizations of the single scattering properties of rain, graupel, and hail are not included in SOCRATES, new parametrizations were derived for these species. We shall describe this parametrization process in detail for rain. Rain droplets can be reasonably approximated as spheres (e.g., Beard et al., 2010) , and Mie theory is applied to calculate the single scattering properties. We assumed a water density of 1,000 kg/m 3 for rain and the refractive index was taken from Hale and Querry (1973) in the SW and Downing and Williams (1975) in the LW. To ensure that the new parametrization is consistent with the rain mass mixing ratios and temperatures predicted by the CRM, we take the range of mass mixing ratios predicted by the CRM (1.0 × 10 −7 to 5.0 kg/kg) and divide this into 250 evenly spaced bins. For each bin, we randomly sample eight CRM points with mass mixing ratios within the bin limits. For each point, we use the rain mass mixing ratio and corresponding temperature sampled from the GMMF to generate a distribution of rain droplet sizes across 1,000 bins, following the same hydrometeor mass mixing ratio and temperature dependent Marshall and Palmer (1948) distribution as the CRM microphysics scheme. Mie calculations are performed on this distribution to derive the rain single scattering properties for each combination of rain mass mixing ratio and temperature, for wavelengths between 0.2 μm and 2 cm.
Once the Mie calculations are complete, we average in wavelength space to calculate mean single scattering properties for each point for each of the SOCRATES spectral bands. In the SW, this averaging uses weighting by the incident TOA irradiance for each wavelength. In the LW, the averaging uses weighting by the thermal source function. For each SOCRATES spectral band, this leaves us with 2,000 combinations (8 points per bin times 250 bins) of mass mixing ratio (q) and effective radius (r e , calculated from the size distribution of rain droplets) corresponding to 2,000 values of , , and g. A least squares method is then used to parametrize this data set using the simple equations proposed by Slingo and Schrecker (1982) . Further details of these parametrizations are available in Appendix A.
Despite the irregular shape of graupel and hail, we also use Mie theory to calculate their optical properties. Tang et al. (2017) demonstrated this to be a reasonable approximation. The optical properties of graupel and hail are parametrized in a manner analogous to those for rain, with two major differences. First, the refractive HILL ET AL. 5 Figure 3 . Parametrized single scattering properties for the different hydrometeor species as a function of their mass mixing ratio, for a shortwave spectral band at 1.19-2.38 μm wavelength used in Suite Of Community RAdiative Transfer codes based on Edwards and Slingo (1996) .
index of ice is based on the review of Warren (1984) , except for between 1.4 and 2.5 μm, where the imaginary part of the refractive index is based on the more recent and accurate measurements of Kou et al. (1993) . Second, we assume ice densities of 300 kg/m 3 and 900 kg/m 3 for graupel and hail, respectively.
Figure 3 compares the newly parametrized extinction and single scattering albedo of rain, graupel, and hail to those of cloud liquid and ice at wavelengths between 1.19 and 2.38 μm, one of the SOCRATES spectral bands. Recall that the Marshall-Palmer size distributions used in the CRM depend on the mass of hydrometeor and temperature (section 2.1). For the purpose of this comparison, effective radii for these three species are calculated using these same CRM size distributions with a temperature of 273.15 K. This results in effective radii of 116-920 μm for rain, 300 μm-2.4 mm for hail, and 1.8-3.9 mm for graupel, for the mass mixing ratio range given in Figure 3 , with larger effective radii for larger mass mixing ratios. For liquid, we use the same temperature of 273.15 K and assume the cloud is over land, resulting in a cloud droplet effective radius of 8 μm. For ice, the parametrization described in Baran et al. (2013) was designed to avoid the concept of effective radii and has a stronger temperature dependence. We therefore plot the ice single scattering properties at two temperatures, 173.15 and 273.15 K, which demonstrates the range of possible values from this parametrization.
As shown in Figure 3a , the extinction due to rain, graupel, and hail is at least an order of magnitude smaller than for the same mass of ice or liquid. Although the extinction for each hydrometeor species varies with wavelength, the relative magnitude of the extinction for each hydrometeor species in the other spectral bands is similar to that shown here. Additionally, Figure 3b shows that the parametrized single scattering albedo for rain, graupel, and hail is much smaller than that for liquid cloud and ice. This is because the single scattering albedo generally decreases as the particle size increases (e.g., Slingo & Schrecker, 1982) , and rain, graupel, and hail particles are larger on average than cloud droplets, ice crystals, and snow aggregates. Again, the relative magnitude of the single scattering albedo for each hydrometeor species in the other spectral bands is similar to that shown in Figure 3a .
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Note. LW = longwave; SW = shortwave; TOA = top of atmosphere.
The Radiative Effect of Rain
To assess the radiative effect of rain, we examine the difference between two experiments. The first experiment, denoted as all_hydro is our control experiment, including all six hydrometeor species in our radiative transfer calculations. In the second experiment, denoted as no_rain, we exclude rain by setting its mixing ratio to zero in the radiation scheme for all grid points. For completeness, we also calculate graupel and hail radiative effects using additional no_graupel and no_hail experiments that exclude graupel and hail, respectively. Finally, to put these results in context, we perform a clear-sky experiment, excluding all suspended and precipitating hydrometeors, which is used to calculate the total hydrometeor radiative effect.
From these experiments, the radiative effect of each precipitating hydrometeor species is given by
where I ↓ and I ↑ denote the downwelling and upwelling irradiance, respectively. The subscript all denotes irradiances from the all_hydro experiment, while no j denotes irradiances from the experiment that excludes the j-hydrometeor species, such as no_rain, no_graupel, or no_hail. Using rain as an example, the RRE can be calculated by
This definition is analogous to the commonly used cloud radiative effect (CRE), where clear sky is a no_cloud calculation. This definition is applied to both TOA and surface radiative effects, while the in-atmosphere radiative effect is calculated as the difference between the TOA and surface radiative effects and provides a measure of the vertically integrated change in absorption by the atmosphere and hence heating of the atmosphere. In practice, rain may cause both heating and cooling at different heights within the same atmospheric column. Consequently, the vertically integrated heating may have a smaller magnitude than the heating of individual layers within a column.
Global Mean RRE
Using equation (1), we derived the global, area-averaged mean radiative effects of rain, graupel, hail, and all hydrometeors ( Table 1 ). The mean CRE (i.e., all hydrometeors) is included to provide context for the radiative effects of the precipitating hydrometeors. The RRE has the same signs as CRE in all SW and LW quantities listed in Table 1 , but with much smaller magnitudes as expected from Figures 2 and 3 . At the TOA and the surface, absorption and emission of LW radiation by rain increases the net downward LW irradiance, while reflection and absorption of SW radiation reduces the net downward SW irradiance. The opposing effects on LW and SW net irradiances lead to a smaller total net RRE, which has the same sign as the CRE at the TOA and in-atmosphere. At the surface, where the net CRE is negative, the net RRE is positive due to rain occurring closer to the surface than clouds, leading to relatively large LW warming of the surface. Since the RRE at the TOA and the surface is at least an order of magnitude smaller than the current observational irradiance uncertainty (e.g., Stephens et al., 2012) , and the total net radiative effect is much smaller than CRE, we conclude that the contribution of rain to the global mean radiation budget is negligible.
Graupel and hail global mean radiative effects are much smaller than the RRE, which is not surprising considering that graupel and hail occur much less frequently than rain (as shown in Figure 2 ). Hail has the same sign SW and LW radiative effects as rain and cloud, but the graupel radiative effect has the opposite sign for the SW at the TOA and the LW in the atmosphere. The change of the sign in the SW is because graupel absorbs sunlight that would otherwise be reflected by liquid or ice clouds. The change of the sign in the LW is because graupel commonly occurs high enough that the TOA LW radiative effect is much larger than the surface LW radiative effect, much like ice clouds (e.g., Hong et al., 2016) . As the graupel and hail radiative effects are much smaller than rain, we shall focus on rain in the rest of this article.
Spatial Distribution of the RRE
The distribution of RRE correlates strongly with the occurrence of rain. The largest LW RRE at the TOA occurs in the ITCZ and storm tracks (Figure 4a ), where rain occurs most frequently (see Figures 1 and 2 ). This pattern is repeated in the LW RRE at the surface (Figure 4c ) and in the SW (Figures 4b and 4d ), but with different magnitudes. At the surface, the LW RRE is much larger than at the TOA, up to 4 W m −2 in the ITCZ where the rainwater paths are largest (Figure 2c ). In the SW, the RRE at the surface is about twice as large as the RRE at the TOA, due to absorption of sunlight by rain. At both the TOA and the surface, the SW RRE is larger in the ITCZ than in the midlatitude storm tracks, again due to larger rainwater paths in the ITCZ. Similar patterns are also found in the RREs for 1-7 July 2007 (not shown), but with the ITCZ and associated RRE shifted slightly further north (cf. Figure 2) , with increased SW RRE in the northern hemisphere and decreased SW RRE in the southern hemisphere due to the seasonal changes in TOA incoming SW irradiance.
RRE at the CRM Scale
While rain may not have a large impact on the global mean radiation budget, this does not mean that the RRE never reaches values that are sufficiently large and occur sufficiently often to systematically influence the evolution of a LSAM. To investigate the range of RRE, Figure 5 shows the normalized frequency distribution of LW and SW RRE at the TOA, surface, and in-atmosphere at the CRM column scale (i.e., a grid box of ∼4 km). The distributions are based on 1.0 W m −2 bins and include only those points where rain occurs. In order to HILL ET AL. 8 Figure 5 . Frequency distributions of rain radiative effect for 1-7 January and 1-7 July 2007 combined at top of atmosphere (top row), surface (middle), and in-atmosphere (bottom) for longwave (left) and shortwave (right). Bin width is 1.0 W m −2 . The red line, blue line, and gray bars show the distributions for warm, cold, and all rain, respectively. Note that we only include grid boxes where rain is present in these distributions. The numbers in the legend show the means of the distributions.
highlight the full range of RRE, we use a log-scale for the frequency (y axis). For the SW, we include all daylight points, so that the spread in the distribution is partially due to variation in solar zenith angles.
The largest magnitude LW RRE values in Figure 5 are approximately 100 times larger than both the global mean values (see Table 1 ) and the mean RRE when rain occurs (see the numbers in the legends in Figure 5 ). We can see that LW RRE values at TOA, surface, and in-atmosphere can all be either positive or negative; the cancelation between positive and negative RREs partly explains the small global mean RREs. Recall that Savijärvi and Räisänen (1998) reported a LW surface RRE of 24 W m −2 for a cloud with base at 3 km and a surface rain HILL ET AL. 9 rate of 100 mm/hr. Figure 5c shows that LW RREs of this magnitude are possible but rare (occurring in approximately one in a hundred thousand rainy columns). Under similar conditions (i.e., cloud base height of at least 3,000 m and rain rate of at least 100 mm/hr) our calculations give a mean surface LW RRE of 14.8 W m −2 , which is considerably smaller than the value reported by Savijärvi and Räisänen (1998) . This is to be expected as Savijärvi and Räisänen (1998) point out that their estimates are likely to be too large due to an unrealistically dry atmosphere below cloud base. Even more moderate LW surface RREs of 10 W m −2 or greater are infrequent, occurring in only 0.4% of the rainy CRM columns.
As mentioned earlier, the SW RRE distribution includes changes due to solar zenith angle; the largest RREs generally correspond to cases with small solar zenith angles, due to a larger amount of incoming solar radiation to be potentially absorbed or reflected. Similar to the LW, SW RRE values at TOA, surface, and in-atmosphere can also all be either positive or negative. However, positive surface SW RRE values are very rare (less than 0.01% of rainy daytime columns) and have very small magnitude (less than 0.5 W m −2 ). Negative in-atmosphere SW RRE are also rare (less than 0.05% of rainy daytime columns) with small magnitude (less than 2.0 W m −2 in magnitude). Savijärvi et al. (1997) reported an in-atmosphere SW RRE of up to 65 W m −2 for an idealized heavily precipitating case with overhead sun. The distribution of RREs shown in Figure 5f shows that SW RREs of this magnitude are possible but rare (occurring in less than 0.001% of rainy columns). In our GMMF data set, most of the heavily precipitating cases have large amounts of cloud water, and thus reflect large amounts of sunlight above the rainy layers, which reduces the amount of SW radiation that interacts with rain, making large RREs very unlikely. Even at the surface, where the magnitude of the SW RRE is largest, only 0.8% of rainy daytime cases have a RRE with a magnitude as large as 10 W m −2 .
To investigate potential links between the RRE and rain formation processes, Figure 5 also shows separate distributions for warm and cold rain. Our method for separating warm and cold rain is similar to Mülmenstädt et al. (2015) : when the rain-producing cloud contains ice phase hydrometeors, we assume that the rain is due to ice phase processes and denote this cold rain, otherwise warm rain is assumed. According to this separation, of the 19% of CRM columns that contain rain, 89% are cold rain and 11% are warm rain. Thus, the total RRE is dominated by cold rain and the mean RREs for all rain are much closer to those for cold rain than those for warm rain (see legends in Figure 5 ).
There are clear differences between the RRE distributions for warm rain and cold rain. Beginning with TOA LW irradiances, the cold rain mean RRE is slightly smaller than the warm rain mean RRE (see legend for Figure 5a ). This is because ice cloud is more likely to be present above the rain in the cold rain cases, which absorbs and emits radiation at lower temperatures and thereby reduces the impact of the rain on the TOA LW irradiances. In contrast, at the surface and in-atmosphere, the cold rain LW RRE is approximately 50% larger than the warm rain RRE. This is because the mean rain water path of 86.0 g/m 2 for cold rain is larger than that of 36.5 g/m 2 for warm rain.
In the SW, the larger mean rain water path in cold rain columns also leads to a larger mean RRE than for warm rain columns, both at the TOA and the surface (Figures 5b and 5d) . However, the mean SW in-atmosphere RRE has a similar magnitude for both cold rain and warm rain (Figure 5f ) due to two opposing factors. Cold rain columns have larger absorption by rain than warm rain columns. However, the reduction in absorption by cloud below rain is also larger for cold rain columns than for warm rain columns. The larger increase in absorption by rain for cold rain columns is caused by the larger mean rain water path and droplet effective radius for cold rain columns. The larger decrease in absorption by cloud for cold rain columns is because the single scattering albedo of cloud ice is smaller than that of cloud liquid ( Figure 3 ) and extinction by rain reduces the amount of radiation available to be absorbed by any cloud below. Consequently, there is a larger decrease in cloud absorption for cold rain where there is more likely to be ice cloud below the rain with a smaller single scattering albedo.
What Controls the RRE?
We have shown that for individual CRM columns, the RRE can take a broad range of values, both positive and negative. In this section we identify the processes that determine the direction and magnitude of the RRE. Detailed analysis of two example hydrometeor and irradiance profiles over northern Canada and the central equatorial Pacific Ocean with very different RREs is used to illustrate how these processes affect the RRE. Further analysis of all rainy columns shows that the results from the case studies can be generalized to other columns. Note. LW = longwave; SW = shortwave; TOA = top of atmosphere; RRE = rain radiative effect.
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Case Studies
The two case studies consist of individual CRM profiles and represent different vertical cloud structures: almost all the rain occurs below cloud base in the Pacific case; whereas about half the rainy layers are above the warm cloud in the Canadian case. Ice clouds are physically thicker with larger mass mixing ratios in the Canadian case. Together, these cases demonstrate that the RRE is determined not only by the rain water path itself, but also the relative water path with respect to other species and the location of the rain layer. Details of these case studies are given in Table 2 .
The Pacific Ocean case is an example of the rain layer occurring below a liquid cloud layer. This case consists of a CRM column located at the edge of a tropical cumulus congestus cloud (Figure 6a ) and has the larger rain mass mixing ratios of the two cases. Rain occurs between 600 hPa (∼5,000 m) and the surface, falling from a ∼1,500 m thick layer consisting of liquid cloud (occupying a single model layer ∼500 m thick) and graupel (two model layers, each ∼500 m thick) that sits just below the top of the congestus cloud in the neighboring column. The cirrus cloud layer at ∼80 hPa occupies only a single model layer and is independent of the cumulus congestus cloud.
In the LW, the downwelling radiation emitted by the rain reaches the surface unimpeded by cloud. Rain is warmer than the cloud above it and thus increases the downwelling irradiance to the surface. In contrast, the liquid cloud above the rain absorbs and emits LW radiation and impedes the upwelling radiation emitted by the rain. As a result, the net irradiance at the surface increases, but the change at TOA is rather small, as shown in Figure 6b . In the SW, by reflecting sunlight, rain increases the upwelling SW irradiance from the lowest rainy layer to the TOA (Figure 6c ), leading to a negative RRE at TOA. Reflection and absorption of sunlight also leads to a reduction in the downwelling irradiance from the highest rain layer to the surface (Figure 6c ), and thus a negative RRE at the surface. The RREs in the Pacific case are particularly large due to the large rain mass mixing ratios, which lead to larger extinction ( Figure 3a ) and small cloud water path, which means that large amounts of SW radiation reach the rain layer.
In the Canadian case, the rain layer extends above the warm cloud. This case is a CRM column located at the leading edge of a cold front (Figure 6d ). The rain layer in this case is a little shallower than the Pacific Ocean case, with smaller rain mass mixing ratios and more complex cloud structure in the vertical. Snow and graupel fall from a convective anvil at 500-700 hPa, with the snow melting to form rain at ∼625 hPa (∼4,000 m), which falls through an optically thick warm cloud that extends from ∼800 hPa (∼1,500 m) to the surface. A temperature inversion, caused by the passage of the cold front, occurs between the surface and ∼950 hPa.
In the LW, the rain causes an increase in the downwelling LW irradiance above the warm cloud top, but this is rapidly reduced below the warm cloud top, as emission by cloud dominates over that from rain. As the liquid mass mixing ratio decreases near the surface, the rain effect is no longer completely overshadowed by the cloud effect, though it remains small. The temperature inversion means that rain emits radiation at HILL ET AL. 11 colder temperatures than the cloud above, so that rain reduces the downwelling LW irradiance and the net effect at the surface is negative. Above the warm cloud, the reduction in upwelling irradiance due to rain is overshadowed by absorption and emission at colder temperatures by the ice cloud above. Consequently, the net RRE at the TOA is also very small. In the SW, the radiative effect of rain above cloud is analogous to the radiative effect of an absorbing aerosol layer above cloud (e.g., Chand et al., 2009; Wilcox, 2012) . Since the absorbing rain layer is above the brighter cloud layer, sunlight is absorbed that would otherwise be reflected by clouds, resulting in a positive TOA SW RRE (see Table 2 ). For the downwelling SW irradiance, absorption and reflection by rain cause a reduction in irradiance, which decreases with altitude below the warm cloud top as the radiation that is absorbed and reflected by the rain would have been reflected by the cloud anyway. As a result, the rain effect on the surface downwelling irradiance is quite small.
All Rainy Columns
The factors that have been identified as controlling the direction and magnitude of the RRE in these case studies can be generalized to all rainy profiles, as shown in Figure 7 . This figure shows how the SW and LW RREs at both the TOA and surface change as a function of the two main variables that we have identified as controlling the RRE. Note that these variables depend on the particular RRE in question.
Focusing first on the LW, Figure 7a shows that the total water path above the rain top plays a key role in limiting the LW TOA RRE. The RRE decreases rapidly as the total water path above rain top increases, because as explained for the case studies, any hydrometeors above the rain top impede the emission by rain. Figure 7a also shows that the LW TOA RRE is affected by the difference in temperature between the rain top and the surface. The magnitude of the LW TOA RRE increases as the magnitude of the difference increases. Generally, the rain top is cooler than the surface so the TOA LW RRE is positive as in both case studies. However, temperature inversions can lead to rain emitting at a higher temperature than the surface, leading to the negative TOA LW RRE seen in Figure 7a .
At the surface, Figure 7c shows that the LW RRE increases as the rain water path below cloud base increases, because the extinction depends on the rain mass mixing ratio, but (as explained in the Canadian case) any change in the downwelling irradiance due to rain above the cloud base will be overshadowed by emission from the cloud. The LW surface RRE decreases as the vapor water path below the rain top increases because absorption and emission by the vapor partly masks the emission by the rain. The rain water path below cloud base and vapor path below the rain top are positively correlated, so that the radiative effect of an increase in one tends to be offset by the effect of an increase in the other. In general, as temperature decreases with height, rain below cloud emits at higher temperatures than the cloud and increases the downwelling LW radiation, leading to a positive RRE. However, if a temperature inversion near the surface exists, the RRE can be negative, as seen in the Canadian case.
Moving to the SW, Figures 7b and 7d show both the surface and TOA RRE increase in magnitude with increasing rain water path (as extinction by rain depends on the rain mass mixing ratios) and decrease in magnitude as the total water path (excluding rain) increases (because less SW radiation reaches the rain layer). The rain and total water path values are positively correlated, so again in general the effect of an increase in one is offset by the effect of a increase in the other. At the TOA, the SW RRE is generally negative, with largest negative values when the total water path is small and the rain water path is large, as in the Pacific case. For total water path values larger than ∼1.5 kg/m 2 , the mean RRE for the largest rain water path values is positive, as these cases tend to coincide with rain occurring above cloud base and absorbing radiation that would otherwise be reflected, as in the Canadian case.
At the surface, Figure 7d shows only negative values for the SW RRE. Analysis of the positive values shown in Figure 5d shows that positive SW RREs only occur when the solar zenith angle is very large, so that the albedo of both clouds and the surface is much larger for direct radiation than diffuse radiation. In some of these cases, including small amounts of rain can have little effect on the total downwelling SW irradiance, but lead to a large increase in the fraction that is diffuse. As the albedo for diffuse radiation of the cloud or surface below the rain is smaller than that for direct radiation, this can lead to an increase in the net downwelling surface SW irradiance.
Discussion
The aim of this study is to quantify the RRE. To our knowledge, this study is the first time that the RRE has been quantified globally. This represents a key step in determining whether rain needs to be included in the radiative transfer calculations applied in NWP and climate models.
From a global mean perspective, the RRE is very small, being less than 0.2 W m −2 for both SW and LW irradiances at the surface, TOA, and in-atmosphere. These mean values are a fraction of the accuracy with which we can measure global mean irradiances (e.g., Stephens et al., 2012) and consequently, from a global mean perspective, the RRE can be regarded as negligible. Averaging over a single week, at the GMMF gridbox scale, the RRE is largest for downwelling LW irradiance at the surface along the ITCZ, but remains less than 4 W m −2 . These largest RRE values are smaller than both the uncertainty in both the SW and LW global mean CREs (e.g., Stephens et al., 2012) and typical zonal mean TOA radiation errors seen in climate models (e.g., Dolinar et al., 2014) . Moreover, the missing RRE can only explain a very small fraction of the persistent large (greater than 20 W m −2 ) radiation errors seen in heavily precipitating regions in LSAMs.
At finer temporal and spatial scales, the RRE may be significant. At the finest scales available from the GMMF (i.e., the CRM column scale), the magnitude of the LW RRE can exceed 30 W m −2 at the surface, TOA, and in-atmosphere. For small solar zenith angles, the SW RRE can be even larger than this. Yet large RRE values are infrequent. For the LW surface RRE, less than 0.1% of the CRM columns have a RRE value larger than 10 W m −2 . Large RRE is more common for cold rain than warm rain events, primarily due to larger rain water path values for cold rain. The LW surface RRE exceeds 10 W m −2 for 0.47% of CRM columns identified as cold rain and 0.13% of those identified as warm rain. The RRE can be either positive or negative and the magnitude and direction depend on the vertical location with respect to any other hydrometeors, the properties of the surface, and in the LW the emission temperature of the rain and any other hydrometeors.
The calculations presented in this study were based on the assumption that the rain is in thermal equilibrium with the ambient air. In reality, evaporative cooling and falling from higher cooler altitudes may result in rain droplets that are cooler than the ambient air. Based on theoretical calculations and assuming a constant lapse rate, Best (1952) showed that evaporative cooling has a larger effect, except in the case of very large rain droplets. He found that rain droplets are up to 13 K cooler than the ambient temperature for a relative humidity of 40% and an ambient temperature of 314 K. This corresponds to a 15% decrease in the LW irradiance emitted by rain. However, for larger humidities, which generally coincide with rain, the temperature difference is much smaller, being less than 1 K at 95% relative humidity, which corresponds to a decrease in the LW irradiance emitted by rain of less than 1%.
Judging whether the exclusion of the RRE may negatively impact the evolution of a LSAM requires comparison of simulations where the RRE is and is not included interactively in that LSAM. However, previous studies have shown that LSAM simulations are rather insensitive to radiative errors of a much larger magnitude that do not persist in space or time (e.g., Barker et al., 2008; Bozzo et al., 2014; Hill et al., 2011) . Moreover, given the transient nature of the RRE it seems highly unlikely to have a systematic effect on current LSAMs. Even when it is large the RRE is likely to be dwarfed by latent heating; for approximately 88% of CRM columns with a net downwelling surface LW RRE of at least 1.0 W m −2 , the surface latent heating is at least 10 times larger.
While the RRE is generally small, this study showed that at small scales the RREs can be quite large. Thus, it seems likely that at finer resolutions, the impact of the RRE on the realism of the simulation will increase. At high resolution, orographic enhancement of precipitation could lead to longer lasting large RREs at a fixed location. On this basis, the RRE is most likely to be significant for regional NWP models. Moreover, while this study indicates that excluding rain from LSAM radiative transfer calculations is unlikely to lead to large errors in models, it does still lead to errors and there is no reason not to include rain in LSAM radiative transfer calculations if the model already carries the required variables.
Appendix A : Rain, Graupel, and Hail Single Scattering Properties Parametrizations
Extinction ( ), single scattering albedo ( ), and asymmetry (g) for rain, graupel, and hail are calculated using Mie theory as described in section 2.2. A least squares method is then used to parametrize this data set using the following simple equations proposed by Slingo and Schrecker (1982) .
where A, B, C, D, E, F are coefficients determined by performing the least square fitting with values given in the following tables. Tables A1, A2 , and A3 show the values for the coefficients used in the parametrization of the single scattering properties of rain, graupel, and hail, respectively, for each of the six SW and nine LW bands. 
